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l a l y s i s  i s  per formed t o  v e r i f y  t ha t  

0 z a -  
d (NASA CR oR?Z E6AD NUMBER) (CATEGORY) 
LL LL 

t h e  f i n e  t o n e  t r a c k i n g  loop o f  t h e  Apol lo  Lunar Module (LM) 
VHF r a n g i n g  t r a n s p o n d e r  will p e r f o r m  as des i r ed .  The f i n e  
t o n e  t r a c k i n g  loop  r e c e i v e s  a h i g h  r e p e t i t i o n  r a t e  s q u a r e  
wave ( f i n e  t o n e )  f rom t h e  Command and S e r v i c e  Module (CSM). 
The t r a c k i n g  loop  i s  des igned  t o  phase  l o c k  a l o c a l  VCXO 
t o  t h e  r e c e i v e d  f i n e  t o n e  such  t ha t  a c o h e r e n t  and r e l a t i v e l y  

t h e  r e t u r n  l i n k  t o  t h e  CSM. O p e r a t i o n  of  t h e  t r a n s p o n d e r  i n  . 
b o t h  t h e  r a n g i n g  mode, and r a n g i n g  p l u s  v o i c e  mode, i s  
i n v e s t i g a t e d .  

nnise-free f i n e  t c n e  car! h e  r e g e n e r s t e d  fer transmissicn cT! 

T h i s  p a r t i c u l a r  a n a l y s i s  p e r t a i n s  to t h e  c a s e  where 
t h e  l o c a l l y  g e n e r a t e d ,  f i n e  t o n e  g a t i n g  s i g n a l  i s  phase  modu- 
l a t e d  by +1/8 c y c l e  a t  a modu la t ing  f r e q u e n c y  of  1/4 of t h e  
f i n e  tone- f requency ,  and where t h e  r e c e i v e r  c r y s t a l  bandpass  

i s  s u f f i c i e n t l y  narrow to p a s s  o n l y  t h e  f i r s t  p a i r  of  
s i g n a l  s i d e b a n d s  which are c e n t e r e d  on t h e  I F  c a r r i e r  

R e s u l t s  show t h a t  w i t h  s u i t a b l e  f i l t e r i n g ,  t h e  
loop  does r e g e n e r a t e  a c o h e r e n t  f i n e  t o n e  

e i t h e r  mode. The e r r o r  s i g n a l  a t  t h e  i n p u t  to t h e  VCXO 
t h e  p h a s e  d i f f e r e n c e  between t h e  VCXO 

r e c e i v e d  f i n e  t o n e  s o  t h a t  t h e  t r a c k -  
z e r o .  It  i s  a l s o  shown t h a t  t h e  

r a n g i n g  p l u s  v o i c e  mode d e s e n s i t i z e s  t h e  e r r o r  s i g n a l  charac-  
0 t e r i s t i c ,  i . e . ,  r e d u c e s  t h e  s l o p e  o f  t h e  e r r o r  s i g n a l  a t  c r o s s -  
< o v e r .  Thus, t h e  loop  becomes more s u s c e p t i b l e  t o  n o i s e  i n c l u d i n g  

v o i c e  f r equency  harmonics ,  and o t h e r  p e r t u r b a t i o n s ;  t h i s  e f f e c t  

- 
I. 
ID 

- 
n * - 
I r e s u l t s  i n  a d e c r e a s e  i n  r a n g e  a c c u r a c y  when u s i n g  t h i s  mode. 
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U n c l a s  
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t h e  f i n e  t o n e  t r a c k i n g  loop  o f  t h e  Apol lo  Lunar Module (LM) 
VHF r a n g i n g  t r a n s p o n d e r  w i l l  pe r fo rm as d e s i r e d .  The f i n e  
t o n e  t r a c k i n g  l o o p  r e c e i v e s  a h i g h  r e p e t i t i o n  r a t e  s q u a r e  
wave ( f i n e  t o n e )  f rom t h e  Command and  S e r v i c e  Module (CSM). 
The t r a c k i n g  loop  i s  d e s i g n e d  to phase  l o c k  a l o c a l  VCXO 
t o  t h e  r e c e i v e d  f i n e  t o n e  such  t h a t  a c o h e r e n t  and r e l a t i v e l y  
n o i s e - f r e e  f i n e  t o n e  can  be r e g e n e r a t e d  f o r  t r a n s m i s s i o n  on 
the  r e t u r n  l i n k  to t h e  CSM. O p e r a t i o n  of t h e  t r a n s p o n d e r  i n  
b o t h  t h e  r a n g i n g  mode, and r a n g i n g  p l u s  v o i c e  mode, i s  
i n v e s t i g a t e d .  

This  p a r t i c u l a r  a n a l y s i s  p e r t a i n s  t o  t h e  c a s e  where 
t h e  l o c a l l y  g e n e r a t e d ,  f i n e  t o n e  g a t i n g  s i g n a l  i s  phase  modu- 
l a t e d  by +1/8 c y c l e  a t  a modu la t ing  f r e q u e n c y  of 1 / 4  of t h e  
f i n e  tone-frequency,  and where t h e  r e c e i v e r  c r y s t a l  bandpass  

t e r  i s  s u f f i c i e n t l y  narrow to pass o n l y  t h e  f i r s t  p a i r  of  
r o r  s i g n a l  s i d e b a n d s  which are c e n t e r e d  on t h e  I F  c a r r i e r  

R e s u l t s  show tha t  w i t h  s u i t a b l e  f i l t e r i n g ,  t h e  
r a c k i n g  loop  does  r e g e n e r a t e  a c o h e r e n t  f i n e  t o n e  
mode. The e r r o r  s i g n a l  a t  t h e  i n p u t  t o  t h e  VCXO 
a t  i t  a d j u s t s  t h e  p h a s e  d i f f e r e n c e  between t h e  VCXO 
e t o n e  and t h e  r e c e i v e d  f i n e  t o n e  s o  t h a t  t h e  t r a c k -  

i n g  phase error t e n d s  t o  zero .  
r a n g i n g  p l u s  v o i c e  mode d e s e n s i t i z e s  t h e  error s i g n a l  charac-  
t e r i s t i c ,  i . e . ,  r e d u c e s  t h e  s l o p e  o f  t h e  e r r o r  s i g n a l  at c r o s s -  
o v e r .  Thus, t h e  loop  becomes more s u s c e p t i b l e  t o  n o i s e  i n c l u d i n g  
v o i c e  f requency  harmonics ,  and o t h e r  p e r t u r b a t i o n s ;  t h i s  e f f e c t  

It i s  a l s o  shown t h a t  t h e  
- r. 

n 
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I r e s u l t s  i n  a d e c r e a s e  i n  r a n g e  a c c u r a c y  when u s i n g  t h i s  mode. < 
m 
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TECHNICAL MEMORANDUM 

I.  I N T R O D U C T I O N  

I n  t h e  p lanned  m i s s i o n  c o n f i g u r a t i o n  t h e  Apol lo  Lunar 
Module (LM) w i l l  b e  r e q u i r e d  t o  rendezvous  w i t h  t h e  o r b i t i n g  
Command and S e r v i c e  Module (CSM). O p t i c a l  t e c h n i q u e s ,  and  a n  
X-band r a d a r  hav ing  a r a n g e  r e a d o u t  aboard  t h e  LM, w i l l  b e  u sed  
t o  accompl i sh  t h e  rendezvous .  I n  a n  emergency, however,  t h e  CSM 
may be  r e q u i r e d  t o  rendezvous  w i t h  t h e  LM. A VHF r a n g i n g  sys t em,  
p r o v i d i n g  a r a n g e  r e a d o u t  aboard  t h e  CSM, i s  b e i n g  developed  t o  add 
t h i s  c a p a b i l i t y  t o  t h e  o v e r a l l  s y s t e m .  

The new r a n g i n g  s y s t e m  c o n s i s t s  o f  a D i g i t a l  Ranging 
G e n e r a t o r  ( D R G )  which i s  t o  i n t e r f a c e  w i t h  a mod i f i ed  VHF t r a n s -  
c e i v e r  aboa rd  t h e  CSM, and a Range Tone T r a n s f e r  Assembly (RTTA) 
which i s  t o  i n t e r f a c e  w i t h  a s imi l a r  t r a n s c e i v e r  aboa rd  t h e  LM. 
The t r a n s c e i v e r s  w i l l  be  used  t o  e s t a b l i s h  t h e  two-way communica- 
t i o n s  l i n k  between t h e  LM and CSM. 

The DRG g e n e r a t e s  c o a r s e  (low f r e q u e n c y ) ,  m i d  (medium 
f r e q u e n c y ) ,  and f i n e  ( h i g h  f r e q u e n c y )  s q u a r e  wave t o n e s  which a r e  
used. t o  ON-Opp k e y  (iOO% AM) t h e  C3i.i t r a n s m i t  c a r r i e r .  'i'ones a r e  
s e l e c t e d  a c c o r d i n g  t o  a p a r t i c u l a r  sequence most s u i t a b l e  f o r  
a c q u i s i t i o n  and lock-up o f  t h e  r a n g i n g  system; t h e  s e q u e n t i a l  
s e l e c t i o n  of t o n e s  i s  performed a u t o m a t i c a l l y  i n  t h e  D R G .  

I 

The LM r a n g i n g  t r a n s p o n d e r ,  c o n s i s t i n g  o f  t h e  VHF t r a n s -  
c e i v e r  and t h e  RTTA, a s  shown i n  F i g u r e  1, r e c e i v e s  and d e t e c t s  
t h e  t o n e s .  Note t h a t  t h e  c o a r s e  t o n e  i s  added (modulo-2) t o  t h e  
m i d  t o n e  when t h e  c o a r s e  t o n e  i s  t r a n m i t t e d  ove r  t h e  VHF l i n k s .  
If a mid t o n e  or mid and c o a r s e  t o n e  i s  d e t e c t e d  a t  t h e  LM, i t  i s  
s imply  re-modulated on t h e  r e t u r n  VHF l i n k  t o  t h e  CSM. 

I f  t h e  f i n e  t o n e  is r e c e i v e d  a t  t h e  LM, however,  a f i n e  
t o n e  t r a c k i n g  l o o p  ( see  F i g u r e  2 )  i s  employed t o  r e g e n e r a t e  t h e  
f i n e  t o n e  p r i o r  t o  modula t ion  o f  t h e  r e t u r n  l i n k  t o  t h e  CSM. By 
u s i n g  t h i s  narrowband l o o p  t o  phase  l o c k  t h e  l o c a l  v o l t a g e  
c o n t r o l l e d  c r y s t a l  o s c i l l a t o r  ( V C X O )  t o  t h e  r e c e i v e d  f i n e  t o n e  
s i g n a l ,  a r e l a t i v e l y  n o i s e - f r e e  f i n e  t o n e ,  which i s  c o h e r e n t  w i t h  
t h e  r e c e i v e d  f i n e  t o n e ,  can  b e  g e n e r a t e d  f o r  t r a n s m i s s i o n  t o  t h e  
CSM. 



t, b 

BELLCOMM, INC. - 2 -  

The DRG compares t h e  phase  between i t s  t r a n s m i t t e d  
t o n e s  and t h e  t o n e s  r e c e i v e d  from t h e  LM. The DRG d e r i v e s  t h e  
r a n g e  number from t h i s  comparison and p r e s e n t s  a r ange  r e a d o u t  
to t h e  e x t e r n a l  d i s p l a y  and computer.  

I n  a d d i t i o n  to t h e  r a n g i n g  a l o n e  mode d e s c r i b e d  above ,  
S imul t aneous  t h e  new sys t em p r o v i d e s  a v o i c e  p l u s  r a n g i n g  mode. 

v o i c e  and r a n g i n g  i s  ach ieved  by c l i p p i n g  t h e  v o i c e  and u s i n g  
t h e  r e s u l t a n t  b i p o l a r  waveform to g a t e  t h e  r a n g i n g  f i n e  t o n e  on 
and o f f .  Thus t h e  f i n e  t o n e  i s  i n h i b i t e d  when t h e  t r a n s m i t  
c l i p p e d  v o i c e  waveform i s  n e g a t i v e  and i s  p a s s e d  when t h e  t r a n s m i t  
c l i p p e d  waveform i s  p o s i t i v e .  It shou ld  be  n o t e d  t h a t  v o i c e  
t r a n s m i s s i o n  i s  n o t  p e r m t s s i b l e  w h i l e  a mid  t o n e  o r  a m i d  and 
c o a r s e  t o n e  i s  b e i n g  t r a n s m i t t e d  d u r i n g  t h e  a c q u i s i t i o n  phase  of  
t h e  r a n g i n g  sequence .  

It i s  t h e  pu rpose  o f  t h i s  memorandum to v e r i f y  t h a t  
t h e  LM f i n e  t o n e  t r a c k i n g  loop ,  i n  f a c t ,  w i l l  t r a c k  t h e  r e c e i v e d  
f i n e  t o n e  d u r i n g  e i t h e r  t h e  r a n g i n g  o r  r a n g i n g  p l u s  v o i c e  mode. 
T h i s  o b j e c t i v e  i s  accomplished b y  d e r i v i n g  t h e  c h a r a c t e r i s t i c  
o f  t h e  e r r o r  s i g n a l  ( v s .  t r a c k i n g  p h a s e  error) a t  t h e  i n p u t  to 
t h e  V C X O .  The d e r i v a t i o n s  of t h e  e r r o r  s i g n a l  f o r  t h e  r a n g i n g  
and r a n g i n g  p l u s  v o i c e  modes a r e  per formed i n  Appendix A and 
Appendix B,  r e s p e c t i v e l y .  

Major r e s u l t s  of t h e  d e r i v a t i o n s  a r e  summarized and 
d i s c u s s e d  below.  

11. F I N E  TCNE T R A C K I N G  LOOP SIGNALS ( N O  V O I C E  MODULATION) 
-~ ~- 

A .  The Rece ived  S i g n a l  

Once t h e  r a n g i n g  system i s  locked-up,  t h e  f i n e  t o n e  
i s  u s e d  e x c l u s i v e l y  to k e y  t h e  CSM t r a n s m i t t e r .  The  f i n e  t o n e  
k e y i n g  waveform , f l ( t ) ,  i s  shown i n  F i g u r e  3a.  Thus t h e  r e c e i v e d  
s i g n a l ,  f (t), a t  t h e  i n p u t  to t h e  LM r e c e i v e r  g a t e  i s  t h e  c a r r i e r  
s i g n a l  ON-OFF modulated a t  t h e  f i n e  t o n e  f r e q u e n c y  ( s e e  F i g u r e  3 b ) .  
For  conven ience ,  a l s o  r e f e r  t o  F i g u r e  2 ,  which d e p i c t s  t h e  f i n e  t o n e  
t r a c k i n g  l o o p  and t h e  s p e c i f i c  l o c a t i o n s  o f  s i g n a l s  d i s c u s s e d  h e r e .  

2 

B.  The Ga t ing  S i g n a l  

The g a t i n g  s i g n a l ,  f ( t ) ,  i s  formed l o c a l l y  by u s i n g  3 
d i g i t a l  c i r c u i t s  t o  d i v i d e  t h e  VCXO f r equency  down t o  t h e  f i n e  t o n e  
f r e q u e n c y .  The r e s u l t a n t  s i g n a l  i s  t h e n  " e a r l y / l a t e "  phase s h i f t e d  
by $* ( t ) .  
l o c a l l y  g e n e r a t e d  f i n e  t o n e  by  +1/8 c y c l e  ( r e f e r e n c e d  t o  t h e  f i n e  
t o n e  f r e q u e n c y ) .  The e a r l y / l a t e  (+1/8 - c y c l e )  phase  s h i f t i n g  i s  
per formed a t  a r a t e  of  1/4 t h e  f i n e  t o n e  f r e q u e n c y ,  i . e . ,  w 

The phase  s h i f t ,  $* ( t ) ,  a s  shown i n  F i g u r e  3 c ,  s h i f t s  t h e  

= W m / 4 ,  
$ 
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where w i s  t h e  r a t e  of phase s w i t c h i n g  and wm i s  t h e  fundamen ta l  

f r e q u e n c y  o f  t h e  f i n e  t o n e  ( r a d i a n s  p e r  s e c o n d ) .  Note t h a t  t h e  
a n a l y s i s  p r e s e n t e d  i n  Appendices A and  B i s  on ly  a p p l i c a b l e  t o  t h e  
c a s e  where w =Wm/4 .  O t h e r  s w i t c h i n g  f r e q u e n c i e s  may b e  f e a s i b l e  
b u t  t h e y  are n o t  e x p l o r e d  h e r e .  

$I 

4 

C .  The I F  S i g n a l s  

The s i g n a l  a t  t h e  o u t p u t  o f  t h e  g a t e  i s  g i v e n  by 
f 4 ( t ) .  A s  a r e s u l t  of t h e  g a t i n g  p r o c e s s ,  f 4 ( t )  c o n t a i n s  a 
wide  spec t rum of f r e q u e n c i e s  c e n t e r e d  abou t  t h e  I F  c a r r i e r .  

The c r y s t a l  bandpass  f i l t e r  i s  des igned  t o  p a s s  o n l y  
t h e  c a r r i e r  ( a t  w e )  and the  f i r s t  p a i r  o f  s i d e b a n d s  ( a t  w 
a l l  o t h e r  s i d e b a n d s  are  r e j e c t e d .  The c r y s t a l  f i l t e r  o u t p u t  s i g n a l ,  
f ( t ) ,  i s  f e d  t o  t h e  I F  a m p l i f i e r  t o  produce  t h e  i n p u t  s i g n a l  t o  t h e  

e n v e l o p e  d e t e c t o r ,  f 6 ( t ) .  

t w + ) ;  c -  

5 

D .  Envelope D e t e c t o r  Output  S i g n a l  

Demodulation of t h e  I F  s i g n a l  i s  accompl ished  a t  t h e  
e n v e l o p e  d e t e c t o r .  The ou tpu t  s i g n a l ,  f 7 ( t ) ,  i s  s e n t  t o  t h e  syn- 
chronous  d e t e c t o r ,  where i t  i s  m u l t i p l i e d  by a c o h e r e n t  r e f e r e n c e  
s i g n a l ,  f R E F ( t ) .  It has been shown i n  Appendix A t h a t  f ( t )  con- 
s i s t s  of  one component in-phase ( f i ( t ) )  w i t h  fREF( t )  and a second 

p o n e n t ,  f i ( t ) ,  i s  o f  g r e a t  v a l u e  s i n c e  i t s  ampl i tude  i s  p r o p o r t i o n -  
a1 t o  t h e  t r a c k i n g  phase  e r r o r ,  +1, f o r  small a n g l e s  of +l. 
t h e  above s i g n a l s  a r e  a t  a r a d i a n  f r e q u e n c y  of  w 

7 

- - - - - - - -&  - ( -  - * - - d = - + r - n n  (t (t)) y2t.h f --(t,)- The in-phase  corn- 
L A  q HLF - G U i i l ~ U L l C i l ~  i i i  ~ U R U J .  UVUI 

A l l  
= Wm/4. 4 

For  p u r p o s e s  of c l a r i t y ,  t h e  e q u a t i o n s  f o r  t hese  s i g n a l s  
a re  summarized below: 

Refe rence  S i g n a l  I n p u t  t o  Synchronous D e t e c t o r  
7.1 t 

Envelope D e t e c t o r  Output  S i g n a l  ( I n p u t  to 
Synchronous D e t e c t o r )  

f 7 ( t )  = f i ( t )  t f ( t )  + DC term 
9 

In-phase  Component of f ( t )  7 
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d )  Q u a d r a t u r e  Component o f  f ( t )  
7 

where K1 = c o n s t a n t  

w = fundamenta l  f r equency  o f  t h e  f i n e  t o n e  ( r a d / s e c )  m 
W w = m/4 = e a r l y / l a t e  s w i t c h i n g  f r equency  ( r a d / s e c )  

(4 

t = t i m e  ( s e c o n d s )  

$1 = w T = t r a c k i n g  phase  e r r o r  ( s e e  F i g u r e  3 a )  m 

E.  E r r o r  S i g n a l  a t  Inpu t  t o  t h e  V C X O  

The e r r o r  s i g n a l  a t  t h e  i n p u t  to t h e  VCXO i s  d e r i v e d  b y  
m u l t i p l y i n g  f ( t )  by t h e  r e f e r e n c e  s i g n a l ,  f R E F ( t ) ,  and t h e n  low 
p a s s  f i l t e r i n g  t h e  r e s u l t a n t  s i g n a l .  When t h i s  i s  done ,  no con- 
t r i b u t i o n  from t h e  q u a d r a t u r e  component of  f ( t )  i s  o b t a i n e d  a t  

t o  $1 i s  d e r i v e d  from t h e  in-phase  component o f  f ( t ) .  
synchronous  d e t e c t o r  and low pass f i l t e r  a c t s  as a c o h e r e n t  ampl i -  
t u d e  d e t e c t o r  f o r  f i ( t ) .  
o f  f . ( t )  i s  p r o p o r t i o n a l  t o  o1 f o r  small  a n g l e s  o f  + 

7 

7 
+Le vuu,i*i. ,.*.+-,.+ zf t h e  f i l t e r ;  h o ~ p v e r ,  8 "EC" r r ~ l t a g e  prnF7nrt.i nn31 

Thus t h e  

A s  ment ioned  p r e v i o u s l y ,  t h e  a m p l i t u d e  

7 

1' 1 

The r e s l i l t a n t  e r r o r  v o l t a g e  as a f u n c t i o n  o f  $ h a s  1 
been  d e r i v e d  i n  Appendix A and i s  r e p e a t e d  h e r e  f o r  conven ience .  

T h i s  f u n c t i o n  i s  p l o t t e d  i n  F i g u r e  4 .  Note t h a t  t h e  
1 e r r o r  v o l t a g e  i s  z e r o  f o r  $1 = 0 and changes p o l a r i t y  when $ 

changes  p o l a r i t y .  Thus V ( $ , )  i s  a u s a b l e  

l o c k i n g  t h e  VCXO t o  t h e  r e c e i v e d  f i n e  t o n e  s i g n a l .  

e r r o r  v o l t a g e  for phase  
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111. FINE TONE T R A C K I N G  LOOP SIGNALS (WITH V O I C E  M O D U L A T I O N )  

A .  The Rece ived  S i g n a l  

When s i m u l t a n e o u s  v o i c e  and r a n g i n g  i s  t r a n s m i t t e d  by  
t h e  CSM, an  i n t e r m i t t e n t  se r ies  o f  f i n e  t o n e  p u l s e s  ( s e e  F i g u r e  3d), 
a m p l i t u d e  modula ted  on t h e  c a r r i e r ,  i s  r e c e i v e d  a t  t h e  i n p u t  t o  t h e  
LM r e c e i v e r  ga t e .  

(t) where t h e  "v" s u b s c r i p t  he rea f t e r  d e n o t e s  t h e  v o i c e  mode of  2v 
o p e r a t i o n .  

L e t  t h i s  new i n p u t  waveform b e  d e s i g n a t e d  by  

It  i s  now d e s i r e d  t o  v e r i f y  t h a t  t h e  f i n e  t o n e  t r a c k i n g  
l o o p  w i l l  r emain  i n  l o c k  when t h e  i n t e r m i t t e n t  s e r i e s  o f  f i n e  t o n e  
p u l s e s  i s  r e c e i v e d  i n s t e a d  of t h e  c o n t i n u o u s  s e r i e s  o f  f i n e  t o n e  
p u l s e s .  The d e r i v a t i o n  o f  t h e  e r r o r  a t  t h e  i n p u t  t o  t h e  VCXO under  
t h e s e  c o n d i t i o n s  has been performed i n  Appendix B .  For  t h e  i n i t i a l  
a n a l y s i s  t h e  c l i p p e d  v o i c e  waveform i s  r e p r e s e n t e d  b y  a r e c t a n g u l a r  
waveform w i t h  a fundamen ta l  f r equency  of wv r a d i a n s  p e r  second.  
r e s u l t s  are g e n e r a l i z e d  a t  t h e  c o n c l u s i o n  o f  t h e  a n a l y s i s  f o r  a c l i p -  
ped v o i c e  waveform h a v i n g  random p u l s e  w i d t h s .  

The 

B. The G a t i n g  S i g n a l  

The g a t i n g  s i g n a l  i s  i d e n t i c a l  t o  t h e  g a t i n g  s i g n a l  de- 
s c r i b e d  i n  S e c t i o n  11. 

C .  The I F  S i g n a l s  

The sigr,al a t  t h e  c l r tpu t  5f the g a t e  is given h y  f 4 V  

A s  a r e s u l t  o f  t h e  g a t i n g  p r o c e s s ,  f Q v ( t )  c o n t a i n s  a l a rge  number 
o f  s i d e b a n d s  c e n t e r e d  abou t  t h e  I F  c a r r i e r .  

The c r y s t a l  bandpass  f i l t e r  p a s s e s  t h e  c a r r i e r  ( a t  wc) 
and t h e  f i r s t  p a i r  o f  s i g n i f i c a n t  s i d e b a n d s  ( a t  wc f w ) ;  i n  add i -  

by  t h e  f i l t e r .  
t i o n ,  s i d e b a n d  ene rgy  due t o  t h e  ON-OFF v o i c e  modu la t ion  Q i s  passed 

The c r y s t a l  f i l t e r  o u t p u t  s i g n a l ,  f F T r ( t ) ,  i s  a m p l i -  
J V  

f i e d  i n  t h e  I F  a m p l i f i e r  t o  produce  t h e  i n p u t  s i g n a l  t o  t h e  e n v e l o p e  
d e t e c t o r ,  f s v ( t ) .  

D .  Envelope D e t e c t o r  Output S i g n a l  

Demodulation of  t h e  I F  s i g n a l  i s  accompl ished  a t  t h e  en- 
v e l o p e  d e t e c t o r .  Again,  t h e  o u t p u t  s i g n a l ,  f ( t ) ,  c o n t a i n s  an  
in -phase  and q u a d r a t u r e  component (compared t o  t h e  phase  of  t h e  
r e f e r e n c e  s i g n a l  f R E F ( t ) )  p l u s  o t h e r  s i d e b a n d  ene rgy  from t h e  c l i p p e d  
v o i c e  modu la t ion .  

7v 

Equa t ions  for t h e s e  s i g n a l s  are  summarized below: 
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Reference Signal Input to Synchronous Detector 

111 (t) = cos -7-i- = cos w*t 

Envelope Detector Output Signal (Input to Syn- 
chronous Detector) 

In-phase Component of f (t) 7v 

fiv(t) = 0.650K1 cos + 0.112 sin 34, 

! - 0 . 0 3 8  sin 5+1 . . .  
Quadrature Component of f (t) 7v 

wmt w t  
f (t) = 0.236K1 sin + 0.031 K1 sin 
gv 

Remaining Components of f (t): DC term and terms 7v 

f (t) = remaining terns of lesser importance 
caused by vofce modulation, i.e. 

r v  (see Appendix B). 

E. E r r o r  Signal at Input to VCXO 

The error signal a t  the input to the VCXO is derived by 
(t) by the reference signal, fREF(t), and then low multiplying f 

pass filtering the resultant signal. Again, the error signal is 
obtained solely from the in-phase component, fiv(t). From the 
nature of the equations f o r  frv(t) derived in Appendix B for a 
rectangular clipped voice waveform, it is evident that the low 
pass filter will reject all significant amounts of energy due to 
frv 

7v 

(t) when a random pulse widthyclipped voice waveform is assumed. 

Since fiv(t) = 1/2 fi(t) as shown in the previous para- 
graph, the error signal (with voice modulation) is given by: 



. 
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T h i s  f u n c t i o n  i s  p l o t t e d  i n  F i g u r e  4 .  Thus t h e  e r r o r  
s i g n a l  c h a r a c t e r i s t i c  w i t h  v o i c e  modu la t ion  e x h i b i t s  1 / 2  t h e  s l o p e  
and a m p l i t u d e  t h a t  would e x i s t  w i t h  no v o i c e  modu la t ion  o f  t h e  
r a n g i n g  f i n e  t o n e .  

I V .  CONCLUSIONS 

R e s u l t s  based  on t h e  a n a l y s i s  per formed i n  Appendices  
A and  B y  as summarized and d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  o f  
t h i s  memorandum, show t h a t  a u s a b l e  e r r o r  s i g n a l  c h a r a c t e r i s t i c  
a t  t h e  i n p u t  t o  t h e  VCXO i s  o b t a i n e d  for e i t h e r  t h e  r a n g i n g  mode 
o r  t h e  r a n g i n g  p l u s  v o i c e  mode. The e r r o r  s i g n a l  i s  u s a b l e  s i n c e  
t h e  e r r o r  v o l t a g e  i s  z e r o  when I$ = 0 ( i . e . ,  z e r o  e r r o r  v o l t a g e  i s  

1 
produced  when t h e  VCXO i s  t r a c k i n g  t h e  r e c e i v e d  f i n e  t o n e  p e r f e c t l y )  
and s i n c e  t h e  error s i g n a l  changes p o l a r i t y  when @1 changes  p o l a r i t y .  
Thus t h e  VCXO f r equency  always w i l l  be a d j u s t e d  b y  t h e  e r r o r  s i m a l  
s u c h  t h a t  $1 + 0 .  

It has been shown t h a t  t h e  s l o p e  o f  t h e  e r r o r  s i g n a l  i n  
t h e  v o i c e  p l u s  r a n g i n g  mode i s  1 / 2  t h e  s l o p e  i n  t h e  r a n g i n g  mode. 
Thus t h e  a d d i t i o n  o f  v o i c e  modula t ion  c a u s e s  t h e  LM f i n e  t o n e  t r a c k -  
i n g  l o o p  t o  b e  more s u s c e p t i b l e  to n o i s e  and o t h e r  p e r t u r b a t i o n s .  
An accompanying d e c r e a s e  i n  r ange  a c c u r a c y  i s  t o  b e  e x p e c t e d  when 
t h e  v o i c e  p i u s  r a n g i n g  mode i s  s e i e c t e d .  

2034-KHS-nep 

At tachments  

K .  H .  Schmid 
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A P P E N D I X  A 

ERROR SIGNAL F O R  LM FINE TONE T R A C K I N G  LOOP 

( N O  VOICE M O D U L A T I O N )  

1 . 0  I N T R O D U C T I O N  

When no v o i c e  modula t ion  i s  p r e s e n t ,  t h e  r e c e i v e d  
r a n g i n g  s i g n a l  a t  t h e  i n p u t  to t h e  LM r e c e i v e r  c o n s i s t s  o f  a 
c o n t i n u o u s  s e r i e s  o f  f i n e  tone  p u l s e s  a m p l i t u d e  modulated on 
t h e  c a r r i e r .  The e r r o r  s i g n a l  g e n e r a t e d  by t h e  LM f i n e  t o n e  
t r a c k i n g  l o o p  under  t h e s e  s i g n a l  c o n d i t i o n s  i s  d e r i v e d  i n  
t h i s  Appendix. 

Equa t ions  for t h e  r e c e i v e d  s i g n a l  and t h e  g a t i n g  
s i g n a l  a re  d e r i v e d  f i r s t .  Then t h e  g a t e  o u t p u t  s i g n a l  i s  de- 
r i v e d  and s c r u t i n i z e d  t o  d e t e r m i n e  which o f  i t s  f r equency  
components p a s s  t h e  I F  c r y s t a l  bandpass  f i l t e r .  A d d i t i o n a l  
s i g n a l  a n a l y s i s  i s  per formed t o  d e t e r m i n e  t h e  e f f e c t  o f  t h e  
I F  a m p l i f i e r ,  enve lope  d e t e c t o r ,  synchronous  d e t e c t o r  and low- 
p a s s  f i l t e r  which f o l l o w  t h e  I F  c r y s t a l  f i l t e r .  

The r e s u l t a n t  ou tpu t  e r r o r  s i g n a l  i s  shown t o  b e  
u s a b l e  for phase  l o c k i n g  t h e  l o c a l l y  g e n e r a t e d  f i n e  t o n e  
( d e r i v e d  from t h e  V C X O )  t o  t h e  r e c e i v e d  f i n e  t o n e .  Thus t h e  
LM f i n e  t o n e  t r a c k i n g  l o o p  p e r f o r m s  as d e s i r e d .  

2 . 0  FOURIER SERIES EXPANSION OF FINE TONE WAVEFORM 

The F o u r i e r  se r ies  e x p a n s i o n  of  t h e  f i n e  t o n e  ON- 
OFF s w i t c h i n g  f u n c t i o n  i s  d e r i v e d  below.  No v o i c e  modu la t ion  
i s  p r e s e n t ;  t h e r e f o r e  t h e  f i n e  t o n e  c o n s i s t s  of  a c o n t i n u o u s  
p u l s e  t r a i n  a t  wm ( s e e  F i g u r e  3a o f  t h e  main t e x t  f o r  waveform 

p a r a m e t e r s ) .  

m= 1 

where : 
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-1 -bm = t a n  'm 

T h e r e f o r e ,  

d t  m r  t 
L f l ( t )  s i n  - 

J-L 

L 
r T + 2  

- 2 -mr T m r  s i n  - , But wmL = 'TT 2 cos  - - -  
"m mn L 

mn 
2 m 'I 

- 2 s i n  - cos(-mw T )  L e t  W ~ T  = am - K 

m n  
2 1 s i n  - c o s  rn' - 2 - -  :. am mr 

m h 

b 
m 

mn -mn T sin - s i n  - B u t w L = . r r  
rnT 2 L m 
2 - - -  

'1 w - r =  m 

* b  .' m m'TT 2 = -  -2 s i n  - mn s i n  m', 
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2 1 

c = -  2 m mn 2 m6,  + s i n  m$l 

mn s i n  - 2 : . c  = -  2 m mn 

s i n  m+ 
‘m = tan-’( cos  rn’ i) 

:. 0, = rn0’ 

Thus,  
co 

mr s i n  2 c o s  (mw t + m’ ) m 1 
m= 1 

3 . 0  ON-OFF SWITCHING OF IF CARRIER AT INPUT TO THE GATE 

The I F  s i g n a l  i s  keyed ON-OFF by t h e  f i n e  t o n e .  The 
e q u a t i o n  f o r  t h i s  s ig l za l  i s  s i z p l y  t h e  product.  o f  t h e  fine 
t o n e  s i g n a l  and the  I F  c a r r i e r  as I toi iows:  

where : 

A = a m p l i t u d e  of I F  c a r r i e r  

w = I F  f r equency  ( r a d i a n s  p e r  s e c . )  
C 

mn  

cos(mw t + m $ l )  m - 
A 

m = l  2 



, 
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4.0  THE G A T I N G  SIGNAL 

The s i g n a l  f 2 ( t )  i s  g a t e d  b y  a phase  modu la t ed ,  

l o c a l l y  g e n e r a t e d  f i n e  t o n e ,  f 3 ( t ) .  

c y c l e  e a r l y - l a t e  phase  modula t ion  of  t h e  f i n e  t o n e  a t  a s w i t c h -  
i n g  r a t e  o f  w r a d i a n s  p e r  second.  The r e s u l t a n t  g a t i n g  s i g n a l  
i s  g i v e n  by :  

The phase  modu la t ion  i s  
g i v e n  by $,( t)  ( see  F i g u r e  3 c ) ,  which i s  e q u i v a l e n t  to + 1 - 8  

4 

nn 
[cos nwmt t 

- 
n = l  2 

Note t h a t  t h e  t i m e  r e f e r e n c e  h a s  been chosen  such  t h a t  t=O 
o c c u r s  i n  t h e  c e n t e r  o f  a +,(t)  p u l s e ;  a l l  o t h e r  p e r t i n e n t  
waveforms a re  g i v e n  an  a r b i t r a r y  t i m e  s h i f t  f rom t = O .  

5 . 0  SIGNAL AT THE INPUT OF THE CRYSTAL FILTER 

The s i g n a l  i n t o  t h e  c r y s t a l  f i l t e r  ( o u t p u t  o f  t h e  g a t e )  
i s  g i v e n  by  f 4 ( t ) ,  ( see  F i g u r e  2). 

nn 

- 
A .-. f 4 ( t )  = 4 cos  w c t  

n = l  2 

nn mn s i n  - s i n  - W W 

2 .  2 
rnn 
2 

- - + 4 C  C nn 
n = l  m = l  2 

1 
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6.0 S I G N A L  AT THE OUTPUT OF THE CRYSTAL FILTER 

6 . 1  Genera l  

The c r y s t a l  f i l t e r  i s  a band-pass  f i l t e r  c e n t e r e d  a t  
w . It  i s  d e s i g n e d  t o  pass f r e q u e n c i e s  a t  wc 5 w = w + wm. c - -4' 
i t  w i l l  n o t  p a s s  f r e q u e n c i e s  a t  wc 2 wm. 

Each o f  t h e  terms of f 4 ( t )  a re  now examined t o  de t e r -  
mine which components p a s s  t h e  f i l t e r .  

6 . 2  F i r s t  Te rm o f  f 4 ( t )  

4 C 

A g o ( t )  = 6 c o s  w c t  

Th i s  term r e p r e s e n t s  a n  I F  c a r r i e r  component which 
p a s s e s  t h e  f i l t e r .  

6 . 3  S idebands  from Second Term o f  f L ( t )  

where : 

u) 

A 
g , ( t )  = 7 cos  w C t 1 o n  cos(nwmt + n + 2 )  

n = l  

n r  s i n  - 
= 0 for n even . - 2 - 

n r  J 'n - 'n 
2 

A 
g , ( t )  = 7 cos  w c t  1 pn(cos  nw t cos n $  

n 
- s i n  nw t s i n  n $ 2 )  m 2 m 

Note t h a t  cos  n $ * ( t )  = yn  = c o n s t a n t  ( s e e  F i g u r e  3 c ) .  
s i n  n $ 2 ( t )  = an C ( t )  where C ( t )  i s  + 1 a t  a f r equency  o f  w . 

L e t  

4 - 

qm s i n  - 
m 

cos  qw t 
q r  4 

.-. C ( t )  = 2 1 - 
q = 1  2 



1 
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Note t h a t  t h e  C ( t )  p u l s e  i s  c e n t e r e d  on t = 0 s i n c e  $ * ( t )  i s  

c e n t e r e d  on t = 0 .  Thus,  

A 
C cos  nw m t - 'n a n C ( t ) s i n  nwmt)  g l ( t )  = 2 c o s  w t c ( P n  y n  

n 

Only t h e  l a s t  term of g , ( t )  can g i v e  f r e q u e n c i e s  t h a t  p a s s  t h e  
f i l t e r ;  l e t  i t  e q u a l  g 2 ( t ) .  

where : 

W 
Only t h o s e  terms of  g ( t )  which produce s i d e b a n d s  a t  we 5 
are  o f  i n t e r e s t  s i n c e  t h e s e  f r e q u e n c i e s  p a s s  t h e  f i l t e r .  Thus 
t h e  terms of  g 2 ( t )  o f  i n t e r e s t  a re  t h o s e  w i t h :  

m 
2 

over  a l l  n . 
q = 4n-1 

q = 4n+l  



, 
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Case 1: q = 4n-1 over all n 

Let these particular terms of g2(t) be given by p; (t) 
3 

and evaluate it for the first few values of n. 

P w t  

n 
g3(t) = -A cos w c t L p n a  n 64n-1 cos' 11 4n-1) +] sin nw m t 

TABLE A - 1  

EVALUATION OF SERIES TERMS OF g3(t) 

'n a n &4n-1 

- 2 / 1 T  

-2/llT 

-2119~ 

-2127. 

cos( - 4n-1 wmtlsin 1 nwmt 

1 23wmt -w t -+ - sin rr - sin 2 

1 39wmt -w t +- - sin .rl - sin 2 

55w,t -w t m -7 - sin .T 
1 - sin 2 

Thus the signal that passes the filter is given by: 

2 + - -  
C (-2' 33T 95. 2 18917 

g4(t) = -A cos w t - sin 

cos w t sin 1 ...) 
C 

f i A  g 4 W  = - 
7T 
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Case 2 :  g = 4n+l  o v e r  a l l  n 

L e t  t h e s e  p a r t i c u l a r  terms o f  g , ( t >  b e  g i v e n  by  g c ( t )  
2 L 

and e v a l u a t e  i t  f o r  t h e  f i r s t  few v a l u e s  o f  n .  
t h e  d i f f e r e n c e  f r equency  component, (which  p a s s e s  t h e  f i l t e r )  
i s  g i v e n  i n  t h e  t ab l e s .  

H e r e a f t e r  o n l y  

w t 
g 5 ( t )  = -A C O S  w c t  p, an  64n+1 cos[ i4n+, l  +] s i n  nw m t 

n 

TABLE A-2 

EVALUATION OF SERIES TERMS OF g 5 ( t )  

- 

n 
- 

1 

3 

5 

7 

9 

- 

'n a n 

-- . . - . -I---. _ _ _ _  __-_ - 

D i f f e r e n c e  Component 0 .  

c o s ( . q - ) w  t s i n  nw t 
m m 

wm s i n  1 
2 

- -  

Thus t h e  s i g n a l  t h a t  p a s s e s  t h e  f i l t e r  i s  g i v e n  b y :  

g g ( t )  = - 6' cos  w t s i n  ?(; - 39 1 - - 1 + -  1 + - 1 ...) 
105 203 333 2 C 

TI  
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6.4 Sidebands From Third Term of f4(t) 

m= 1 

where : 

This signal has sidebands at w + mw and thus none of these 
sidebands can pass the filter. 

c -  m 

6.5 Sidebands From Fourth Term of fb(t) 

Examine the fourth term of f4(t) and set it equal 
to hl(t). 

hl(t) = A cos w t C C  pn B, cos(nwmt + n+2)cos(mwmt + m+ ) 
C 1 n m  

hl(t) = A c o s  wet c c  Pn B, - cos(nwmt + mwmt + n+2 + m+l) 
n m  [I 

+ - 1 cos(nw t - mw t + n+2 - m+l)] 
2 m m 

- sin(nwmt + mwmt)sin(n+2 + m+l) 

+ cos(nwmt - mwmt)cos(n+2 - m$l) 

- sin(nwmt - mwmt)sin(n+2 - m+l)] 

Note that cos(n+2 - r n ~ + ~ )  is # constant unless $ 

multiple of 2 n .  
is an integral 1 
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1 1 - sin(n+rrL)wmt sin n+2 cos m+l + cos n+* sin m+ I 
+ cos(n-m)wmt cos n+* cos m+ + sin n+2 sin m+ 1 

- sin(n-m)w t sin n+2 cos m+ - cos n+* sin m + l l )  m [ 1 

But cos n+2(t) = yn = constant ; sin n+2(t) = an C(t) 

h (t) = 7 A cos wct c1pn Bm 
n m  1 

~ o s ( m + ~ ) y ~  - sin sin(m+l)yn 

c ~ s ( m + ~ ) y ~  + sin sin(m+l)yn 

+ A cos wct c c Pn B, 

n m  

sin(m+l)an C(t) 

cos(m+l)an C(t) + cos sin(m+l)anc(t) 

cos(m+l)an C(t)) 
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Only the second term of hl(t) can produce sidebands that 
pass the filter. Thus, 

W 

Only those terms of h2(t) which produce sidebands at w c--4- + m 
are of interest since these sidebands pass the filter. Thus 
the terms of h2(t) of interest are those with, 

q = 4(ntm) - 1 
q = 4(n+m) + 1 

over all n, m 

over all n, m 

q = 4(n-m) - 1 7 

q = 4(m-n) - 1 I 

q = l  ) m = n  

Case 1: q = 4(ntm) - 1; all values of m and n 
Let these particular terms of h2(t) be given h ? (t) 

3 
and evaluate for the first few values of m and n. 

Note that for these values of q ,  the other two terms of h2(t) 
not produce frequencies at wm/4. 

w t  m 

do 
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0 

z 
0 
H 
E 
4 
5 
LI 
4 
3 w 

r- 
8 
E c 
Ti 

rn 
ri 
I 

E + c 

- 
W 

3 
W 

E 
m 

c 
Q 

c 
E 

r i r - r i r i r i r i  
r i d 4  8 8 8 8 8 6  
8 - 8 8  m m m m m m  
r n r n r n  r n m m r n m r n  
0 0 0  0 0 0 0 0 0  
0 0 0  0 0 0 0 0 0  

rn 
0 
0 

IN 
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L e t  t h e  d i f f e r e n c e  component c o n t r i b u t i o n  from h t ( t )  

be r e p r e s e n t e d  by h ( t ) .  
3 

3 

- - ... 
2 2 i  [ s i n + i j - j ,  - 

11 ( t )  = - JF* cos  w t cos 
1151T 2 C IT 3 

+ -  "A cos  w t s i n  2 2 
w t  

2 c 
71 

= k ( 2 n ) ,  k = 0, + l-.., h ( t )  r e d u c e s  t o  s i m i l a r  3 - Note t h a t  if 
form as g 4 ( t )  and g6(t). 

Case 2 :  q = 4 ( n + m ) + l ;  all v a l u e s  of  m and n 

Le t  t h e s e  particular t e rms  o f  h 2 ( t )  be g i v e n  by h,,(t) 
a n d  e v a l u a t e  for t h e  f i r s t  few v a l u e s  of m and n .  

(n+m>w t ] s i n  n i + l  t s i n  (n+m>w t cos  m@l m [ m 1 
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n + 
-a- 
v 

ki 
0 

z 
0 
H 
E 
4 
3 
4 
4 
3 w 

r- 
8- 

rn 
0 
0 

E 

E a 

c 
Q 

c 

E 

- 14 - 

r l M L n r l M l n r i M l n  
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h4(t) = - j F A  c o s  w t cos  wrnt [ sin+l ( - 2 + -  2 + - 2 ...J gr 5in 1 2 5 T I  2 C 
7T 

+ -  ‘‘A c o s  w t sin [cos+l( - 2 - 125Sr 2 -) 
2 C 

TI 

- 2 - ~ 1025~1 2 ...)...I 
Case 3 :  q = 4(n-m)-1; n>m 

I 

Let these particular terms o f  h2(t) be given by h ( t )  5 
and evaluate for the f i r s t  few values o f  m and n. 

r . ~cos(n-mjw t sin rnq - s i r i ( i i - i i i L ) W  t C O S  i i o l ]  m 1 m 

Note that for these values of q, the other two terns of h2(t) do 
not produce frequencies at wm/4. 
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A 

c, 

- u 1  
E 

W 

E -  
& 
0 

z 
0 

Y 

ern r+ 
-4 0 8 

rn 
0 
0 

U E  

E 
I c 

W 

3 
W 

E 
a 

c 
Q 

c 
E 

d d r l r f r l  
r - l r l r f 8 - e - 8 8 8  
8 8 8 M M M L? Ln 
r n r n r n r n r n r n r n r n  
0 0 0 0 0 0 0 0  
0 0 0 0 0 v 0 0  

U 
0 

ri I N  
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h5(t) = - J2A cos w t cos 2 ...) 2 C 
TI 

...) ...] 

+ J2A c o s  writ sin -q- c o s + l  - - 2 - - 2 +  2 ...) wmt [ 1 2 1 T  75T 161n L L 
T l  

+ (& - - -  2 ...) 3 1 5 ~  612.rr 

2 ...)... 
+ c o S 5 + 1  ( *  rn + 675.rr 

Case 4: q = 4(n-m)+1; n\m 
~ 

Let these particular terms of h2(t) be given by h6(tj 
and evaluate for the first few values of m and n. 

[cos(n-m)w-t sinm+, - sin(n-m)wmt cosm+, 1 
' J  1 1 1  I Ijl 
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n 

c, 
W 

z 
0 
H 
b 
4 
3 
d 

W 
s 

rl 
8 

m 
0 
0 

E 

rl + 
A 

E 
I 
G 

E 
M 

c 
23 

r: 
Q 

r: 
E 

- 18 - 

? 

c 
T i  
rn 

r i  IN 
I 

r l r i d r l r l  
rl rl 4 8  8 8 8 8 

8 8 - 8 M M M L n L n  
m m m m r n m r n r n  
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  
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2 2 + - 2 ...) -4- wmt [ sin'l ( - - 5 175. hg(t) = - j F A  cos wct cos 2 
IT 

+ - 2 . . .) . . .] 
+ sin501 i' 275n 725. 

+ -  "A cos w t sin -4- wmt [COS+l( - 2-77 2 - 8-5 2 + 175.rr 2 ...) 2 C 
IT 

- - 2 - 2 ...) 
35771. 675. 

Case 5: q = 4(m-n)-1; m>n 

Let these particular terms of h2(t) be given by h'(t) 7 
and evaluate f o r  the first few values of m and n .  

Icos(m-n)w_t sinm+, + sin(m-n)w-t cosm+,1 
' J  L 111 I 111 
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k 
0 

2 
0 
H 
E+ 
4 
9 
d 
4 
3 w 

rl 
8 

rn 
0 
0 

E 

rl 
I 
n 

c 
A 
W 

=.r 
Y) 

E rn 

c 
d 

c 
Q 

c 
E 

- 2 0  - 

e 
e L n  L= 
r - d r -  
\ \ \  
r u c u N  
I I I 

e e L= 
M l n L n  
\ \ \  
N N r u  
I 

IN  IN IN 
\ \ \  
\ \ \  
r l r l r l  

t= 
E e m  
\ \ \  
C U N N  

I 

r l r l m  
m m l n  
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- 2 1  - 

2 + - 2 ) **.I + sin5'l ( -  1051~ 

+ -  JFA cos w t sin [ cos3+1 I A I 2 C 
TI 

2 2 
-k c0s501 ( -  

Case 6: q = 4(m-n)+1; m>n 
1 

Let these particular terms of h2(t) be given by h8(t) 
and evaluate for the first few values of m and n. 

11 
[cos(m-n)wmt sinm+l + sin(m-n)w t cosm+ m 
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A 

.P 

- 0 3  
..c 
W 

lii 
0 

0 
0 

- l m  
2 0  rl 

0 8  
E 
C 
.ri 
n 

d + 
c 

r .  

A 
W 

3 
Lo 

E m 

c 
d 

c 
Q 

c 
E 

3 

d d r l  
8 8  8 
M L n L n  
ro m m 
0 0 0 
0 0 0 

c 
k= c- != 
m r l c n  
\ \ \  c u c u c u  

k= k= k= 
M ! n L n  
\ \ \  
N c u N  
I 
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4 n  hB(t) = - 2 
71 

cos 

i + ~ i n 5 0 ~  

42A + 3 cos 
L 

TI 

w t cos 
C 

- 23 - 

2 - -)...I 2 
5 13571 

w t sin 
C 

- 2 ) . . j  
1 3 5 ~  

2 
27n 
- 

Case 7: q = 1; m = n 

L e t  these particular t e rms  of h2(t) b e  given by h (t) 9 
and evaluate for first few values of m and n. 

TABLE A-9 

EVALUATION OF S E R I E S  TERMS OF h (t) 9 

m n 'n ct n 1 sinrn$ &1 

1 1 2/TI 

3 3 -2/3n 

5 5 

1/42 2/n 2/71 sin$ 1 
1/ 42 - 2 1 3 ~  2/71 ~ i n 3 $ ~  

2 / 5 ~  4/47 2/57 2/71 ~ i n 5 $ ~  
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J A  cos w t cos - sin$ + - 4 sin3$1 
C wmt [ 4 1 9 7  

h (t) = - 2 
IT 9 

6.6 Carrier Terms From Fourth Term of fb(t) 

Wlnen m = n,hl(t) produces carrier terms that pass  

the filter. Also for certain values of q ,  i.e., q = 4(n+m), 
over all m n; q = 4(n-m), n>m; q = 4(m-n), m>n, carrier terms 
will be produced by hl(t). Let the sum of these terms be de- 
noted by hlo(t). 

hlo(t) = Co cos  w t 
C 

6.7 Crystal Filter Output Signal 

The combined signal components at the output of the 
crystal filter are given by f (t). 5 

Let K = - and go(t) t hlo(t) = c cos wety then 2 
IT 

f5(t) = c cos wct + 0.471K sin wmt cos wet 

+ sin wmt 4 cos wct[0.097 cos$l + 0.064  COS^$^ 
IT 

+ 0.013 cos501 * * * ]  t - 2K cos wmt 4 cos wct[2.040 sin+l TI 

t 0.229 ~ i n 3 + ~  - 0.077 sin5$1 * ' * ]  



BELLCOMM, INC. - 25 - 

Appendix A ( c o n t d . )  

f 5 ( t )  = C c o s  w e t  + 0 .471  K s i n  7 wmt cos  w t 
C 

-7-j- c o s  w e t  c o s + l  + 0.660 ~ 0 ~ 3 0 ~  [ + 0.062 K s i n  wrnt 

wm t 
* . * ]  + 1.299 K c o s  7 c o s  VJ t s i n 4  C L 

+ 0.112 s i r -134~ - 0 . 0 3 8  ~ i n 5 4 ~  * * * ]  

7 . 0  SIGNAL AT THE OUTPUT OF I F  AMPLIFIER 

The I F  a m p l i f i e r  i s  assumed to have  a c o n s t a n t  g a i n ,  
G ,  ( A G C  i s  d i s c o n n e c t e d ) .  The g a i n  f a c t o r  t a k e s  i n t o  a c c o u n t  
any l o s s e s  i n  g a t e ,  c r y s t a l  f i l t e r ,  e t c .  L e t  

A1 = G A  , K1 = G K  , and Cl = G C  

wmt 
f 6 ( t )  = C1 c o s  w e t  + 0 . 4 7 1  K1 s i n  cos  w t 

C 

+ 0.134 * * * I  + 1 .299  K cos  wmt c o s  w t s i n 4  
1 C [ 1  

+ 0.112 s i n 3 ~ + ~  - 0.038 ~ i n 5 4 ~  * - * ]  

8.0 SIGNAL AT OUTPUT OF ENVELOPE DETECTOR 
-. 'i'ne e n v e l o p e  d e t e c t o r  removes t h e  cos  w t t e rm from 

Thus t h e  o u t p u t  o f  t h e  e n v e l o p e  d e t e c t o r  i s  g i v e n  b y :  
C 

f g ( t ) .  

f 7 ( t )  = C1 + 0 . 4 7 1  Kl s i n  7 wmt + 0.062 K1 s i n  

+ 1 .299  K l  cos T ( S i n 4 1  wmt + 0.112 s i n 3 ~ + ~  - 0 . 0 3 8  s in541  - 0 . )  
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It i s  s e e n  that t h e  o u t p u t  of t h e  enve lope  d e t e c t o r  ( input ;  to 
t h e  synchronous  d e t e c t o r )  c o n s i s t s  of a D C  t e r m ,  and a n  i n -  
p h a s e  and  q u a d r a t u r e  term with r e s p e c t  to t h e  r e f e r e n c e  i n p u t  

w t  rn c o s  7 s i g n a l  at t h e  o t h e r  i n p u t  p o r t  of t h e  synchronous  de- 
t e c t o r .  

Thus,  

f (t) = f i ( t )  t f ( t )  t DC term 
7 q 

where : 

f (t) = 0.471 Kl s i n  wmt t 0.062 K1 s i n  -4-(cos+1 wmt 
q 

9 . 0  SIGNAL A T  O U T P U T  OF S Y N C H R O N O U S  DETECTOR 

The s i g n a l  a t  t h e  o u t p u t  of t h e  synchronous  d e t e c t o r  
i s  g i v e n  b y :  

wmt t 0.062 K s i n  cos  cos+ t 0.660  COS^$^ 1 1 
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+ 0 . 0 6 2  K1 7 l[ s i n  ( 2 v )  7 + s i n ( o )  ] (cosQ1 + 0 . 6 6 0   COS^$^ 

( s i n $ l  t 0 . 1 1 2  s i r - 1 3 4 ~  - 0 . 0 3 8  ~ i n 5 $ ~  * * * )  

1 0 . 0  ERROR SIGNAL OUTPUT FROM LOW PASS FILTER 

Only t h e  "DC" component o f  f g ( t )  w i l l  p a s s  t h e  f i l t e r .  
Note t h a t  t h i s  component i s  g e n e r a t e d  from t h e  in-phase  term,  
f i ( t ) ,  i n  t h e  I F  s i g n a l .  
f i l t e r  ( i n p u t  t o  t h e  VCXO) i s  now s imply  a f u n c t i o n  o f  t h e  
t r a c k i n g  phase  error, 

The e r r o r  s i g n a l  a t  t h e  o u t p u t  o f  t h e  

$1' 

V ($1) = 0 . 6 5 0  K, ( s i n $  + 0 . 1 1 2  s i n 3 $ ,  - 0 . 0 3 8  s i r - 1 5 4 ~  * e - )  
A 1 - 

or e q u i v a l e n t l y ,  

V ($1) = 0 . 0 9 3  A l [ s i n $ l  + 0 . 1 1 2  sin3Q1 - 0 . 0 3 8  s in5q1 * - - )  

T h i s  e q u a t i o n  r e p r e s e n t s  t h e  e r r o r  s i g n a l  ( w i t h  no v o i c e  modu- 
l a t i o n ) .  I t  i s  graphed  i n  F i g u r e  4 o f  t h e  main t e x t .  I t  i s  
&..& i m = c r t a n t  t~ m,~) te  t h i t  the ~ n , i - ~ a t F n n  is tyi_inmatPd p n d  therpforP 
t h e  r e s u l t a n t  g raph  w i l l  c l o s e l y  approx ima te  t h e  e x a c t  s o l u t i o n .  
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A P P E N D I X  B 

ERROR SIGNAL FOR LN FIXE TONE T R A C K I N G  LOOP 
(WITH VOICE MODULATIOTi)  

1 . 0  I N T R O D U C T I O N  

When v o i c e  modula t ion  i s  p r e s e n t ,  t h e  r e c e i v e d  

The e r r o r  s i g n a l  g e n e r a t e d  b y  the 

r a n g i n g  s i g n a l  a t  t h e  i n p u t  t o  t h e  LPI r e c e i v e r  c o n s i s t s  o f  
an i n t e r m i t t e n t  s e r i e s  o f  f i n e  t o n e  p u l s e s  a m p l i t u d e  modu- 
l a t e d  on t h e  c a r r i e r .  
Lr.1 f i n e  t o n e  t r a c k i n g  l o o p  under t h e s e  s i g n a l  c o n d i t i o n s  i s  
d e r i v e d  i n  t h i s  Appendix. 

A s i g n a l  a n a l y s i s ,  s i m i l a r  t o  t h e  one per formed 
i n  Appendix A ,  i s  p r e s e n t e d  h e r e .  The r e s u l t a n t  e r r o r  s i g -  
n a l  i s  shown t o  be 
g e n e r a t e d  f i n e  t o n e  ( d e r i v e d  from t h e  V C X O )  t o  t h e  r e c e i v e d  
i n t e r m i t t e n t  f i n e  t o n e .  
p e r f o r m s  as d e s i r e d .  

u s a b l e  f o r  phase  l o c k i n g  t h e  l o c a l l y  

Thus t h e  LM f i n e  t o n e  t r a c k i n g  loop  

2.0 FOURIER SERIES EXPANSION OF CLIPPED V O I C E  WAVEFORX 

When t h e  v o i c e  p l u s  r a n g i n g  mode i s  s e l e c t e d ,  t h e  
f i n e  t o n e  i s  g a t e d  on or e f f  a c c o r d i n g  t o  the p o l a r i t y  o f  
tile c l i p p e d  v o i c e  waverorm, s e e  F i g u r e  3d. The r e s u l t a n t  
i n t e r m i t t e n t  s e r i e s  o f  f i n e  t o n e  p u l s e s  i s  t h e n  used t o  g a t e  
t h e  c a r r i e r  ON-OFF. 

The c l i p p e d  v o i c e  waveform i s  assumed t o  be d e r i v e d  
from an a u d i o  ( v o i c e )  s i g n a l  which h a s  f r e q u e n c i e s  r e s t r i c t e d  
t o  t h e  band of 300-3000 Hz.  I n  o r d e r  t o  s i m p l i f y  t h e  a n a l y s i s  
h e r e ,  t h e  c l i p p e d  v o i c e  waveform f i r s t  i s  assumed t o  b e  a r e c -  
t a n g u l a r  waveform w i t h  a r e p e t i t i o n  l y i n g  i n  t h i s  f r equency  
band .  
form h a v i n g  random p u l s e  wid ths .  

R e s u l t s  a r e  t h e n  g e n e r a l i z e d  f o r  a c l i p p e d  v o i c e  wave- 

The F o u r i e r  s e r i e s  e x p a n s i o n  f o r  t h e  c l i p p e d  v o i c e  
waveform ( O N - O F F )  i s  d e r i v e d  i n  t h e  f a s h i o n  o u t l i n e d  i n  
Appendix A ,  p a r a g r a p h  2 . 0 .  
g a t e  i s  g i v e n  b y :  

Thus t h e  c l i p p e d  v o i c e  ON-OFF 
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where :  

w = fundamenta l  f requency  o f  c l i p p e d  v o i c e  waveform 
V ( r a d i a n s  p e r  s e e . )  

= w T = a r b i t r a r y  p h a s e  s h i f t  o f  waveform w i t h  
r e s p e c t  t o  t = o ,  see F i g u r e  3d. + V  

3 . 0  ON-OFF SWITCHING OF IF CARRIER AT INPUT TO THE GATE 

The r e c e i v e d  waveform a t  t h e  i n p u t  t o  t h e  g a t e  i s  
g i v e n  by f Z v ( t )  where t h e  "v" s u b s c r i p t  h e r e a f t e r  i n d i c a t e s  
v o i c e  modu la t ion  p r e s e n t .  Thus,  

f 2 J t )  = A 
-4 c o s  w c t  1 + 2  I - 

r = l  2 
cos  r w  t L? t 

W m T  s i n  - 
2 L mn- - 

m=l 2 

cos(rnw-t 1 i l l  + m + ,  I 1 
4 . 0  THE G A T I N G  SIGNAL 

The g a t i n g  s i g n a l  i s  unchanged i n  t h e  v o i c e  p l u s  
r a n g i n g  mode. From Appendix A ,  

5 . 0  SIGNAL AT INPUT TO THE CRYSTAL FILTER 

The s i g n a l  i n t o  t h e  c r y s t a l  f i l t e r  ( o u t p u t  o f  t h e  
g a t e )  i s  g i v e n  by f i l V ( t )  = f2 , ( t ) . f3( t )  
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r T  s i n  - - 2 
Ar  - r x / 2  and 

[ 1 B, cos  mw t + m+ + 2 C x c o s  r w v t  
l m  11 r 

( t )  = 8 cos  w c t  1 t 2  f 4 v  I A 
r m 

t r+vl  + 4 B m r  A cos(mwmt t m + l \ c o s ( r w v t  
m r  

Thus t h e  e r r o r  s i g n a l  a t  t h e  i n p u t  t o  t h e  c r y s t a l  f i l t e r  i s  
g i v e n  by : 

cos  m w m t  t m O l )  + 2 1 x c o s  r w  t ( r r l v  
f l l v ( t )  = 8 A cos  w c t  

+ m+l]cos[nw m t + n + 2 )  + 4 Cz A r n  p c o s l r w  V t 
r n  

2 I1 + m + l ) c o s ( r w v t  + r +  cos  nw t + n +  v )  1 m 

6 . 0  SIGNAL AT OUTPUT OF THE CRYSTAL FILTER 

6 . 1  Genera l  

Each o f  t h e  t e rms  o f  f Q v ( t )  a r e  examined h e r e  t o  
d e t e r m i n e  which components pass t h e  f i l t e r .  
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6 . 2  F i r s t  Term O f  f 4 v ( t )  

a , ( t )  = 8 A cos  w c t  = 1 [ g o ( t ) ]  

T h i s  t e rm r e p r e s e n t s  an  I F  c a r r i e r  component which 
p a s s e s  t h e  f i l t e r .  

6 . 3  S idebands  From Second Term Of f'llv(t) 

03 

A 
11 0, cos  mw t + m +  l m  a 2 ( t )  = c o s  w c t  

m= 1 

T h i s  s i g n a l  h a s  s i d e b a n d s  a t  w + mwm and t h u s  none 
111 c -  

o f  t h e s e  s i d e b a n d s  can  p a s s  t h e  f i l t e r .  

6 . 4  S idebands  From T h i r d  T e r m  O f  f 4 v ( t )  

I 1 a 3 ( t )  = A cos  w c t  i r  cos  r w v t  + r$v 
r 

T h i s  term p roduces  s i d e b a n d s  a round wc  a t  + r w  V '  

r = 1, 2 * * *  . The s i d e b a n d s  o f  s i g n i f i c a n t  a m p l i t u d e  w i l l  
p a s s  t h e  f i l t e r .  

- 

6 . 5  S idebands  From F o u r t h  Term O f  f 4 v ( t )  

1 a 4 ( t )  = $ cos  w c t  B, cos  m w m t  + m $ l  ) c o s  ( r w v t  + r+v I m r  

T h i s  term p roduces  s i d e b a n d s  a t  w 2 mwm 2 rwv. 

These s i d e b a n d s  

For 

m = 1 and w 
o b t a i n  a s i x e b a n d  which p a s s e s  t h e  f i l t e r . .  
( m  > 13)  have much smaller ampl i tudes  t h a n  t h e  s i d e b a n d s  o f  t h e  
t h i r d  te rm of f 4 v ( t ) ,  see above,  and t h u s  t h i s  t e r m  w i l l  b e  i g n o r e d .  

= 2n(3000) ,  a minimum v a l u e  o f  r = 13 must be used  t o  
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6.6 Sidebands From Fifth Term Of f4v(t) 

I a 5 ( t )  = $ cos wct 1 pn cos nwmt + n+2 
n I 

filter 
The sidebands of this function which pass the 

have been determined in Appendix A. Thus, 

6.7 Sidebands From Sixth Term Of f4v(t) 

I cos nw t + n42)cos(mwmt + m+l 
P, Bm I m  a,(t) = $ cos wet 

il TI 

The sidebands of this function which pass the 
filter have been determined in Appendix A. 

6.8 Sidebands From Seventh Term Of fllv(t) 

n l m  V il l v  21*[: X~ cos rw t + r4 pn cos nw t + n4 a,(t) = $ cos wct 

From Appendix A it is seen that: 

a,(t) = [g4(t) + g6(t)] r x r  cos(rwvt + r+v  1 
W 

Sidebands from a (t) occur at we 2 7 - + rwv. The majority of 
7 

these sidebands pass the filter. 
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6 . 9  S idebands  From E i g h t h  Term O f  f i l v ( t )  

a g ( t )  = A cos  w c t  11 p n  B, co s  nwmt t n m  I 

+ h 7 ( t )  + h 8 ( t )  + h g ( t )  + h l o ( t ) ] z  X r  co s  l v  r w  t 
r 

W 

S idebands  from a 8 ( t )  o c c u r  a t  we 2 7 m - t r w  . 
t h e s e  s i d e b a n d s  p a s s  t h e  f i l t e r .  

6 . 1 0  C r y s t a l  F i l t e r  Output  S i g n a l  

The m a j o r i t y  o f  

T h e  combined s i g n a l  components a t  t h e  o u t p u t  of t h e  
c r y s t a l  f i l t e r  a re  g i v e n  b y  f (t). 5v 
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I I f 5v ( t )  = C cos  w e t  + c cos  w e t  1 x r  c o s  r w v t  + r$v 
P 

t 0.236 K cos  w c t  s i n  wmt 7 

1 V I  
+ 0 . 4 7 1  K cos  w c t  s i n  wmt 7 A r  co s  r w v t  + r$  

r 

+ 0.031 K cos w e t  s i n  T [ c o s $ l  wmt + 0 . 6 6 0   COS^$^ 

+ 0.134  COS^$^ * * * I  + 0 . 6 5 0  K C O S  w e t  C O S  

+ 0 . 1 1 2  s i n 3 $ 1 ~  - 0 . 0 3 8  ~ i n 5 $ ~  * * e )  

w t 
0 . 0 6 2  K cos w e t  s i n  +[cos$l + 0 . 6 6 0   COS^$^ 

+ 0.112 s i r 1 3 $ ~  - 0 . 0 3 8  s i n 5 $ 1 ~  * * - ' ) }  

vt  
ir c o s l r w  t + r+ . v  r 

7 . 0  SIGNAL A T  O U T P U T  OF S Y N C H R O N O U S  D E T E C T O R  

A s  shown i n  F i g u r e  2 ,  f s v ( t )  i s  a m p l i f i e d  and 
e n v e l o p e  d e t e c t e d ;  t h e  r e s u l t a n t  s i g n a l  i s  m u l t i p l i e d  b y  a 

wm c o h e r e n t  cos  a t  tne  synchronous d e i e c i o r , .  Tile s i e p s  

i n v o l v e d  a r e  o u t l i n e d  i n  d e t a i l  i n  Appendix A .  Fo r  conven- 
i e n c e  t h e s e  i n t e r m e d i a t e  s t e p s  are o m i t t e d  h e r e .  The o u t -  
p u t  o f  t h e  synchronous  d e t e c t o r  i s  g i v e n  b y :  



c 
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C, w t  

2w t 1 
2 1 * + - (0.236) K sin 

1 
+ 2  K1 sin + 0.660 

+ 0.134 C O S ~ C $ ~  * * = )  + 1 (0.650) K1 cos(o)(sin$l 

+ 0.112 ~ i n 3 4 ~  - 0.038 sir154~ 0 - * )  

1 2wmt 
- 0.038 ~ i n 5 9 ~  * * - I  + 2- (0.471) K1 sin 1 Xr cos rw t 

P l v  

2wmt 
+ rQv) + 1 (0.062) K1 sin -[cos41 + 0.660 cos31$~ 

t - 0.038 s i1154~  * * - )  1 Ar cos rw t + r+ r l v  V 

+ 1 (1.299) K1 co~(o)(sin@~ + 0.112 ~ i n 3 4 ~  
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8 . 0  ERROR SIGNAL OUTPUT FROM LOW PASS FILTER 

Only t h e  "DC" component from f B v ( t )  w i l l  p a s s  t h e  
low p a s s  f i l t e r .  Note t h a t  s i d e b a n d s  from t h e  

+ r$v) terms f a l l  o u t s i d e  t h e  f i l t e r  bandpass  and t h u s  no 
c o n t r i b u t i o n  can  be r e c e i v e d  from terms of  f g v ( t )  which con- 
t a i n  t h i s  f u n c t i o n .  Th i s  w i l l  be t r u e  even  i f  a random p u l s e  
w i d t h  c l i p p e d  v o i c e  waveform were t o  be used i n  t h e  a n a l y s i s .  

X r  c o s /  r ' i J v t  
r 

Thus t h e  o n l y  term o f  f g v ( t )  which w i l l  p a s s  t h e  
low p a s s  f i l t e r  i s  t h e  f i f t h  t e r m .  

Vv($,) = 0.325 K1(sin$l  + 0 . 1 1 2  s i n 3 1 $ ~  - 0 . 0 3 8  si115$~ * - * )  

or e q u i v a l e n t l y ,  

VV($,) = 0 . 0 4 7  A1(sin$l  + 0 . 1 1 2  ~ i n 3 0 ~  - 0 . 0 3 8  s i n 5 @ 1 ~  * e * )  

1 Note t h a t  Vv($,) = V ( 0 , )  i . e . ,  t h e  error s i g n a l  ampli-  
tude ( a n d  s l n p ~  a t  c r o s s o v e r )  i s  r educed  by a f a c t o r  o f  two 
when v o i c e  modu la t ion  i s  p r e s e n t .  

T h i s  fun ' c t ion  i s  a l s o  p l o t t e d  i n  F i g u r e  4. 


